We have previously postulated the existence of a feedback mechanism from differentiated neurons that regulates the production of new neurons. Evidence for such regulatory feedback comes from experiments in which dopamine-containing amacrine cells, ablated in the developing retina by 6-hydroxydopamine (6-OHDA), were up-regulated in their production.
To determine whether this is a general phenomenon of the developing retina, the neurotoxin kainic acid (KA) was injected intraocularly in midlarval-stage Rana pipiens tadpoles to produce selective lesions of certain retinal cell types. After periods of 1-21 d, the animals received intraperitoneal injections of 3H-thymidine. Animals were then allowed to survive for periods of up to 3 weeks and were then fixed, the eyes embedded in plastic, sectioned at 3 pm, and processed for autoradiography by standard methods. At the dosage used, the KA produced a 52% decline in the cell density of the inner nuclear layer (INL), a 37% decline in the retinal ganglion cell layer (RGC), and no significant change in the density of cells in the outer nuclear layer (ONL).
The 3H-thymidine allowed us to detect any changes in the number of new cells added to the retina after the KA lesion. Within the first week after the KA injection, there was a decrease in the number of 3H-thymidine (3H-Thy)-labeled cells in the lesioned eye as compared to in the control retina; however, KA treatment of slice cultures demonstrated that the toxin does not affect proliferating neuroblasts directly. By contrast, in animals that received 3H-Thy injections more than one week after the KA lesion, the number of new cells produced by the germinal neuroepithelium was increased in each retinal layer in proportion to the degree to which differentiated neurons were destroyed by KA in that layer. These results suggest that feedback regulation of neuron production is a general phenomenon of retinal histogenesis.
During the development of the vertebrate CNS, an enormous variety of different neuronal types is generated. Moreover, these various kinds of neurons are produced in precise ratios with respect to one another, resulting in the appropriate numbers of the different cell types necessary for the functioning of the adult nervous system. Although little is known concerning the mechanisms that regulate the production of the appropriate numbers of neurons, in other tissues there is evidence that tissue-specific or endogenous mitotic inhibitors provide feedback from the differentiated cells to the stem cell population (Bullough, 1975; Marks, 1976; Holley et al., 1980; Bryant and Simpson, 1984) .
To determine whether the ratios of neurons normally produced by the germinative zone of the CNS are under the regulation of a similar kind of feedback from differentiated cells, the effects of ablating particular classes of neurons on the developing retina were studied in Rana pipiens larvae. The retina of the larval frog is ideally suited for the study of factors that regulate neuroblast proliferation and differentiation. Several studies have established that new neurons are added via a zone of germinal neuroepithelial cells at the extreme periphery of the retina throughout the larval period, and even in postmetamorphic frogs (Hollyfield, 1968; Beach and Jacobson, 1979; Reh and Constantine-Paton, 1983 ). Therefore, it is possible to experimentally manipulate the composition of the differentiated retina using selective neurotoxins, and to examine the effects on the production of new neurons in the proliferative zone.
Previous reports, in which 6-hydroxydopamine (6-OHDA) was used to selectively destroy all retinal dopamine-containing neurons (Negishi et al., 1982; Reh and Tully, 1986) provided evidence for a specific up-regulation in the production of new neurons of this type. In the present report, cell-specific lesions of the retina were made with intraocular kainic acid (KA) injections to determine whether the specific up-regulation observed for dopamine-containing neurons could be induced in other cell types. The results support the hypothesis that neuronal cell ratios are regulated in part via feedback from already differentiated neurons onto undifferentiated neuroblasts. It is therefore possible that tissue-specific mitotic inhibitors, similar to those found in other tissues, may also be important regulators of cell proliferation in the CNS as well. of 'H-Thy, i.p.
(1 &i/gm body weight; sp act, 20 Wmmol) (New England Nuclear) from 3 to 16 d later. After survival periods of up to 3 weeks, sufficient for the labeled cells to differentiate into cells of 1 of the 3 retinal layers, the animals were killed and the retinas were fixed, embedded in either paraffin or JB-4 and sectioned at either 10 or 4 pm, respectively, and processed for autoradiography by standard techniques, using Kodak NTB3 emulsion (Reh and Constantine-Paton, 1983) . To reduce variability due to autoradiographic processing, both the experimental and control eyes were embedded, sectioned, and processed in a single block. In a given retina, nuclei with more than 5 silver grains were counted in each of the retinal layers in the 10 sections adjacent to, or containing, (Ingham and Morgan, 1983) , and were not included in the cell counts. In most cases mitotic figures were also counted at the sclerad surface of the germinal zone. For the in vitro experiments, larval Ranapipiens retinas were dissected free from surrounding ocular tissue under sterile conditions, embedded in agarose (4%), quickly chilled on ice (~2 min), and sectioned at 100 rrn on a Vibratome (Oxford Instruments, Oxford). The slices were then incubated for 2 hr either in Ringer's alone or in the same solution with 100 PM KA added. Next, the slices were rinsed in Ringer's and placed in 50% L-15 media with 10% fetal calf serum and 2 &i/ml of 'H-Thy (6.7 Ci/mmol) added, incubated for 24 hr, fixed in 2% parafonnaldehyde, embedded in JB-4 plastic, and sectioned at 4 Nrn. The sections were then processed for autoradiography as described above. Previous work has shown that the cells of the germinal neuroepithelial zone of the tadpole retina continue to proliferate for up to 2 weeks at approximately normal rates under these culture conditions (Reh, 1985) .
Results
Efects of kainic acid on the cells of the differentiated retina (Fig. 1 C) , and the percentage of degenerating cells in each layer is listed in Table  1 . While the cells of the outer nuclear layer (ONL) were virtually unaffected at the dosages used, some degenerating cells were observed in the ganglion cell layer (RGC; Fig. 1 C, arrows; Table  1 ). This decline in cell number in the RGC has been attributed to the loss of displaced amacrine cells in other species (Erlich and Morgan, 1980) , and a similar explanation may be applicable with the frog (Beazley et al., 1986; Stelzner and Strauss, 1986) . The laminar specificity of the neurotoxic effects of KA has been observed previously in several other species and is thought to represent the extreme sensitivity of some neuronal types, particularly those that depolarize in response to transmitter, to intense and prolonged activation of glutamate receptors on these cells (Erlich and Morgan, 1980; Hampton et al., 198 1; Ingham and Morgan, 1983) . Ganglion cells, photoreceptors, and ON bipolar cells appear to be relatively insensitive to the toxin, while OFF bipolar cells, horizontal cells, and most classes of amacrine cells are very sensitive to KA activation.
By one week after the KA injection, most of the degenerating cells have been cleared from the retina, and the density and total number of INL cells in the retinas are markedly reduced (Fig. 2, A, B ; Table 1 ). In addition, there is also a decrease in cell number and cell density in the RGC, which might be attributable to loss of displaced amacrine cells; however, there is no change in either of these parameters for the photoreceptor layer (Fig. 2, A, B ; Table 1 ).
Short-term effects of kainic acid on new retinal neuron production As in the normal tadpole, new cells continue to be added to the retinal ciliary margin following the KA lesions. However, in the first week after KA injections, there is a decline in the number of mitotic figures in the KA-treated retina (Fig. 3) . A decrease in mitotic figures could indicate either that the number of proliferating neuroblasts has decreased or that the mitotic phase of the cell cycle has been shortened (Jacobson, 1978) . In an attempt to determine which of these alternatives was correct, after 3H-Thy injections the number of labeled cells was counted in the KA-treated and control eyes. As Figure 3 shows, there is also an initial decline in the number of 3H-Thy-labeled cells following KA treatment. While a greater number of mitotic figures in a histological section might represent increased numbers of dividing cells, or a lengthening of the M phase of the cell cycle, counts of 3H-Thy-labeled cells directly reflect the rate of cell proliferation, since they measure the number of cells produced during the period 3H-Thy was available for incorporation. While considerable cell death might confound this measurement, the fact that the 2 independent measures of cell proliferation respond in parallel, coupled with the fact that little, if any, neuronal death is observed in larval Rana retina (Reh and Constantine-Paton, 1983) , suggests that the figures given in this study accurately reflect the changes in rates of neuronal proliferation following KA treatment.
To determine whether the KA was having a direct effect on the mitotically active germinal neuroepithelial cells at the retinal ciliary margin, the following experiment was carried out. Slices of larval retina that contained proliferating neuroblasts were incubated in 100 PM kainic acid, as described above. Next, the sections were rinsed and cultured in media for 24 hr with 3H-Thy to label the mitotically active cells. Following fixation, sectioning, and autoradiography, the counts (mean of 5 sections) of 3H-Thy-labeled cells in KA-treated slices were compared with those of control slices. While there was considerable variation between the total numbers of labeled cells per slice, the means for the experimental (n = 4) and control (n = 4) conditions were virtually identical (KA, 2 13 1 f 965 cells/slice; control, 190 1 -t 1008 cells/slice). In addition, the density of labeling and histological appearance of the proliferative zone was also normal (Fig. 1, B, D) . Therefore, it is unlikely that the KA is having any direct effect on the mitotically active retinal precursor population.
The laminar specificity of the decrease in labeled cells immediately following the KA treatment was also examined in vivo. The percentages of 3H-Thy-labeled cells in each retinal layer were quantified in those animals that received the isotope less than one week after the KA treatment. These data, listed in Table 1 , suggest that the decline in 3H-Thy-labeled cells that occurs immediately following the KA treatment is not restricted to the cells of the INL, but appears to be a general effect on the production of new cells of all types. Since the in vitro experiment rules out a direct effect of the KA on the germinal neuroepithelial cells in the ciliary margin growth zone, the KA may be affecting some other aspect of the physiology of the eye in the first week after the injection.
Discussion
Long-term efects of kainic acid on new neuron production As can be seen in Figure 2 , C, D, as well as in Figure 3 , after the initial decline in mitotic figures and 3H-Thy-labeled cells in the KA-treated retina, there is a large increase in both parameters. By 20 d after the KA injection, the number of labeled cells in the experimental eye is approximately 40% greater than that of the control retina. This increase in new cell production persists for several weeks, and levels are still above normal at 36 d after the KA administration (Fig. 3) .
The primary objective of this study was to determine whether the cell-specific up-regulation of neuronal production observed in dopamine-containing amacrine cells following 6-OH-DA lesions to the developing retina is a general phenomenon of CNS neuroblasts. To this end, certain classes of retinal cells were selectively destroyed in the larval frog retina, and 'H-thymidine autoradiography was used to determine whether these cell types were selectively replaced. This appears to be the case, since the number of new cells produced by the germinal neuroepithelium was increased in each retinal layer in proportion to the degree to which differentiated neurons in that layer were destroyed by the neurotoxin.
To determine whether the production of any particular retinal cell type was selectively increased after the KA treatment, the laminar distribution of the newly produced cells was quantified in those cases in which 3H-Thy was received more than 1 week after the kainic acid. As Figure 4 and Table 1 demonstrate, the cells that show the greatest increase in their numbers are those of the INL, which were most affected by the KA. Figure 4 shows the data for the 5 cases that received 3H-Thy injections more than 7 d after the KA lesion; there is a consistent, selective increase in the number of labeled cells in the INL of the KAtreated retina, compared to the normal retina. By contrast, there is a smaller, but also consistent, increase in the number of labeled cells in the RGC, while no such increase was observed in the ONL cells, with some cases showing a decrease or no difference in ONL cell labeling. From these data, the percentage of cells in each retinal layer of the experimental and control retinas was calculated and is given in Table 1 and graphed in the lower-right-hand plot in Figure 4 .
The developing neural tube has been shown to undergo gross tissue "regulation" in the same way that other areas of the vertebrate embryo compensate for surgical ablation of small regions of tissue (Hughes, 1968; Bryant and Simpson, 1984) . This process of "regulation" is thought to be analogous to wound healing, in the sense that removal of a piece of tissue results in a discontinuity in positional information, which must then be filled in by new cells. The effect on neuroblast proliferation observed following kainic acid lesions may involve similar mechanisms. However, it is clear from the selective KA lesions that the mitotic stimulation is not a general effect, but rather that the new cells produced specifically replace those that were ablated by the neurotoxin.
Previous experiments in which classes of monoamine-containing amacrine cells were destroyed in developing retina using selective neurotoxins showed an up-regulation in the production of new cells of the ablated type (Negishi et al., 1982; Reh and Tully, 1986) . We proposed that the new cells were produced as a result of the removal of an inhibitory signal that normally limits either mitosis of an amacrine precursor or differentiation of unspecified neuroblasts to a monoaminergic pathway (Reh and Tully, 1986) . The evidence presented in this study supports the existence of an inhibitory feedback affecting the production of new cells of particular types, and extends previous findings in suggesting that this feedback operates to regulate neuroblast proliferation as well as differentiation.
In light of these studies, the following model is proposed: Mitotic neuroblasts of the germinal neuroepithelium of the vertebrate neural tube are exposed to a complex microenvironment produced by dividing cells, postmitotic migrating immature neurons, and some differentiating neurons (Hinds and Hinds, 1979) . The differentiating cells produce some type of signal that inhibits the mitotic rate of a committed precursor responsible for generating cells of that particular type. Alternatively, a multipotent precursor might be channeled into a particular pathway for more divisions than normal by the absence of this signal. In either case, this inhibitory signal regulates the rate of production of particular cell types, such that their numbers and densities develop normally. When the density of a given cell type is reduced, there is a reduction in the inhibitory signal, and the mitotic neuroblasts respond by producing greater numbers of that cell type than normal.
This mechanism could thus provide a means, in addition to the death of differentiated neurons, by which the appropriate number of neurons is generated during development. Since cell death in the CNS is primarily observed between neuronal populations that connect with one another over long distances via their axonal projections (Rager and Rager, 1978; Oppenheim, 198 1; Sengelaub and Finlay, 1982) , this type of interactionand consequent matching of cell numbers-can occur only after the cells have differentiated to the point of growing axons. By contrast, local circuit neurons can interact prior to differentiation, since their precursors are in close physical proximity. Moreover, it is not likely that local circuit neurons regulate their numbers primarily by cell death, since the requisite amount of neuronal loss is not observed in these cell populations (Glucksman, 1940; Rager and Rager, 1978; Sengelaub and Finlay, 1982; Spira et al., 1984) . For example, when chick RGCs reach their targets in the optic tectum, a massive cell loss of approximately 500,000 ganglion cells ensues, while at the same time there is little, if any, loss of other retinal cells (Rager and Rager, 1978) .
The molecular basis for the inhibitory feedback proposed to regulate neuronal production can only be speculated upon. Recently, a 13 kDa growth-regulatory polypeptide has been isolated from medium conditioned by mouse 3T3 cells; it reversibly inhibits DNA synthesis and proliferation of those cells (Hsu and Wang, 1986) . Several studies of transforming growth factor-p (TGF-P) have also demonstrated inhibitory effects on cell proliferation (Roberts et al., 1985) . In addition, tissue-specific proliferation inhibitors have been purified from hepatocytes (26 kDa; McMahon et al., 1982) and mammary gland cells (13 kDa; Bohmer et al., 1984) . However, it is not essential that the growth inhibition observed in the present study be mediated by a soluble, diffusible substance secreted by the cells. A recent study of the growth inhibition between transformed and normal mouse 10% cells indicated that gap-junctional communication is necessary for this inhibitory interaction (Mehta et al., 1986 ). Therefore, it is possible that inhibitory growth regulators can be transferred intracellularly if these cells are coupled via gap junctions. This type of mechanism may be particularly important in the germinal cells of the vertebrate CNS, in which the extensive dye and electrical coupling of the cells has been well documented (Jacobson, 1978) .
A very different kind of mechanism is suggested by the evidence of Lauder and her colleagues (Lauder and Krebs, 1976; Lauder et al., 1981) . They have proposed that serotonin and dopamine act as "differentiation signals" for CNS germinal neuroepithelial cells. However, attempts to demonstrate this action using monoamine agonists and antagonists have produced inconclusive results; while Lauder et al. (198 1) report an increase in 3H-thymidine labeling, Lewis et al. (1977) and Pate1 et al. (1980) report a decrease. In addition, while dopamine-containing amacrine cells are present in the retina, their destruction does not result in an overproduction of all cell types, as Lauder's hypothesis would predict (Reh and Tully, 1986) . Nor is there any evidence for neurotransmitter receptors on germinal neuroepithelial cells, and the results of the present study strongly suggest that these cells do not possess kainate receptors.
Whatever the mechanisms, the regulation of the production of the various cell types that comprise the very complex tissue of the CNS is likely to involve several levels of control. The results of this study and of previous, similar experiments suggest that the microenvironment of central neuroblasts is likely to play a role in specifying their commitment to a particular phenotype.
